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The magnitude of dynamic load produced by high-speed trains depends on many factors, of which train
speed is the most critical one. However, it is quite difﬁcult to determine the effect of train speed on
dynamic load using the theoretical methods due to the complexity of the interaction between vehicle and
track-subgrade. Thus large-scale model test has gradually become an important approach for studying
dynamic responses of ballastless track-subgrade of high-speed railway. In this study, a full-scale model
of ballastless track-subgrade was constructed in accordance with the design and construction standardsynamic load magniﬁcation factor (DLF)
rain speed
allastless track-subgrade
for Shanghai–Nanjing intercity high-speed railway line ﬁrstly. Then, the dynamic strain of slab and the
dynamic earth pressure of subgrade were measured by conducting single wheel axle excitation test. In
addition, the relationship between the dynamic load magniﬁcation factor (DLF) and the train speed was
obtained. Finally, the DLF of track-subgrade under different train speeds was proposed, similar to that
given by German Railway Standard.
© 2013 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
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t. Introduction
Determination of railway dynamic load is critically important
n the design of track superstructure and subgrade. Dynamic load
agniﬁcation factor (DLF) is the ratio of the maximum dynamic
orce experienced by the system to the maximum static load
pplied. In Chinese high-speed railway standard, as for ballastless
rack-structure, the DLF is 3.0 for the train speed of 300km/h, and
.5 for the train speed of 250km/h.Most previous research ﬁndings
n track-structure were based on static design wheel load deter-
ined using the standard of high-speed railway (Han and Yao,
007; Liu, 2008). Zhou et al. (2010) reported that the DLF of the
rack superstructure is 2.0 when the subgrade settlement is less
han 30mm. When the track-structure is under fatigue condition,∗ Corresponding author at: Institute of Geotechnical Engineering, Zhejiang Uni-
ersity, Hangzhou, China. Tel.: +86 571 88208769.
E-mail address: chenrp@zju.edu.cn (R. Chen).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
cademy of Sciences.
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ciences. Production and hosting by Elsevier B.V. All rights reserved.
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he DLF is about 1.45 based on the testing results of the whole line
f Tokaido Shinkansen in Japan (Zhao, 2006). The inﬂuence fac-
ors of DLF in German Railway Standard include  (the curve load
oefﬁcient), ı (the track state coefﬁcient),  (the operation speed
oefﬁcient) and t (the statistical safety coefﬁcient). According to
erman Railway Standard, for the train speed of 300km/h, the DLF
s 1.7–2.1 for slab, and 1.24–1.5 for subgrade. In summary, the val-
es of DLF of high-speed railway signiﬁcantly vary from countries
o countries.
The factors that inﬂuence the DLF of high-speed railway include
ehicle type, train speed, track type, and environmental factors.
herefore, it is difﬁcult to accurately determine the DLF in terms
f theoretical analysis. Real-time train load can be used for in situ
easurement of dynamic response of subgrade. For example, in
he reconstruction of existing line of Kutzhauser in Germany and
uining–Chongqing Railway in China, the dynamic earth pressures
n subgrade were measured (Qin, 2007; Zhang et al., 2007; Cai
t al., 2009). The misﬁts of in situ measurement were hard to be
ontrolled due to complicated environmental factors. At present,
arge-scale model test has been widely used for understanding the
ynamic behavior of the track-subgrade of high-speed railway. For
xample, a laboratory model test of a ballast track on a scale of 1:5
as conducted to study thedynamic stress distributionand the set-lement development of subgrade under moving loads in Ishikawa
t al. (2011). In addition, a laboratory model test on a ballast track
n a scale of 1:3 was conducted to study the accumulated defor-
ation of subgrade under single wheel axle excitation in Al-Shaer
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Fig. 1. Ballastless track-subgrade model of high-speed railway.
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t al. (2008). Zhanand Jiang (2010) analyzed thedynamic responses
f subgrade, including dynamic stress, dynamic displacement and
ynamic acceleration, under singlewheel axle excitation by using a
:2model test. However,most of themodel tests on thehigh-speed
ailway were of small-scale due to the labor- and time-consuming
atures of full-scale model test. In addition, the problem of large
ifferences between small-scalemodel test results and in situmea-
urement cannot be well addressed. Furthermore, few model tests
re in agreement with the design and construction standards.
In this paper, a full-scale model of high-speed subgrade pro-
osed for Shanghai–Nanjing intercity high-speed railway line was
onstructed. Thedynamic strainof slaband thedynamicearthpres-
ure of subgrade were measured by conducting single wheel axle
xcitation test. The relationship between the DLF and excitation
requency was presented. The DLF of type I track-subgrade was
lso proposed based on German Railway Standard.
. Dynamic model test on high-speed railway subgrade
The large-scale model test of high-speed railway subgrade
as conducted in a large soil tank with the dimensions of
5m×5m×6m (length×width×depth) at Zhejiang University,
s shown in Figs. 1 and 2.
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able 1
arameters of subgrade and track-structure.
Structure Elastic modulus (MPa) Po
Slab 35,000 0.
CA mortar 92 0.
Concrete base 24,000 0.
Surface layer of subgrade 60 0.
Base layer of subgrade 35 0.Fig. 3. Particle distribution curves of silt, coarse sand and graded gravel.
The model consists of foundation soil, subgrade, concrete base,
A mortar, slab, rail fastening and rail from the bottom to the
urface. Slab CRTS I was used in the test with the dimensions
f 4.962m×2.4m×0.19m (length×width× thickness). The WJ-
-type rail fastening was used in the test, with a static stiffness,
rs, equal to 3.5×107 N/m and a damping coefﬁcient, crs, equal
o 1.48×105 (N s)/m2. The bending stiffness of rail (CHN60), EIr,
s about 6.1×106 Nm2, and the mass of unit length of rail, ur, is
0 kg/m. Table 1 gives the basic parameters of subgrade and track-
tructure.
The foundation soil was silt taken from the bank of Qiantang
iver, Hangzhou, China, which is the representative soil encoun-
ered in the Shanghai–Nanjing railway. The base layer of subgrade
as ﬁlled with coarse sand, and the surface layer of subgrade was
lled with graded gravel. The basic parameters of the coarse sand
nd the silt, obtained by standard soil tests, are listed in Table 2. The
tandard soil tests include speciﬁc gravitydetermination, Atterberg
imits test, screening test, etc. Fig. 3 shows the grading curves of silt,
oarse sand andgraded gravel obtainedby screening tests. The sub-
rade and the foundation soil were compacted layer by layer. The
ompaction quality was controlled by monitoring the compaction
oefﬁcient of each layer. Static conepenetration testwas conducted
omeasure thepenetration resistanceof the foundation soil and the
ubgrade.
According to Chinese high-speed railway standard, the coef-
cient of subgrade reaction, K30, the secondary deformation
odulus, Ev2, the dynamic deformation modulus, Evd, and the
orosity, n, of the subgrade must meet the requirements shown
n Table 3. For comparison, the measuring results are also listed in
able 3.
This study mainly focuses on the dynamic earth pressure of
he subgrade and the dynamic strain of the slab during testing.
he earth pressure cells were installed in the subgrade at different
epths (see Fig. 2). All earth pressure cells were calibrated by the
and calibrationmethodbefore installation. The layout of the strain
isson’s ratio Density (kg/m3) Thickness (m)
167 3000 0.2
4 2000 0.05
2 2700 0.3
25 2400 0.4
15 800 2.3
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Table 2
Physical parameters of silt and coarse sand.
Soil Speciﬁc gravity Liquid limit (%) Plastic limit (%) Plastic index Cu Cc
Silt 2.67 35 24 9 2.5 1.3
Coarse sand 2.66 – – – 4.8 0.6
Table 3
Compaction standard and measured main parameters of the subgrade after compaction.
Fill materials K30 (MPa/m) Evd (MPa) n (%) Ev2 (MPa)
Compaction
standard
Measured
results
Compaction
standard
Measured
results
Compaction
standard
Measured
results
Compaction
standard
Measured
results
132 <18 <10 ≥120 ≥180
100 <28 <21 ≥60 ≥170
g
t
w
o
t
w
e
m
f
w
3
b
t
w
H
f
f
f
1
o
i
m
0.00 0.05 0.10 0.15 0.20 0.25 0.30
20
40
60
80
100
120
20 Hz
10 Hz
Time (s)
E
x
ci
ta
ti
o
n
fo
rc
e 
(k
N
)
w
FSurface layer ≥190 ≥270 ≥50 ≥
Base layer ≥130 ≥300 ≥35 ≥
auges on the slab surface is shown in Fig. 4. Before installation of
he strain gauges, the slab surface was cleaned and polished. The
aterproof glue and protective glue were applied after installation
f the strain gauges.
The excitation system consists of reacting steel beams, actua-
or, hydraulic pressure source and controlling system. The actuator
as installed above the rail fastening. The load of the actuator was
xerted on the rail through a steel beam (see Fig. 1). The maxi-
um excitation force was 200kN, and the maximum excitation
requency of the actuator was 30Hz, with which different load
aveforms can be generated.
. Dynamic testing under single cyclic wheel load
It was found that the dynamic stress in the subgrade generated
y the moving load is likely to be a cyclic sine-wave load from a
heoretical point of view (Wang and Chen, 2005), and the single
heel load can be regarded as a train load (Al-Shaer et al., 2008;
uang et al., 2010; Zhan and Jiang, 2010).
Dynamic tests under single wheel load with different excitation
requencies were carried out to determine the effect of excitation
requency on the DLF. The magnitude of the excitation load varied
rom20kN to 120kN, and the frequencywere 1, 2, 4, 6, 8, 10, 12, 14,
6, 17, 18, 20, 21, 22, 23, 24, and 25Hz, respectively. The location
f the actuator is shown in Fig. 4.Thedynamic earthpressure of the subgradewasmonitoreddur-
ng testing. Fig. 5 shows the waveform of the excitation force. The
easured dynamic earth pressure of Cell 2-1 is presented in Fig. 6.
Fig. 4. Layout of strain gauges on the slab surface.
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rFig. 5. Waveform of the excitation force.
The variation of dynamic earth pressure of subgrade changing
ith the excitation frequency at different depths is depicted in
ig. 7.Generally, thedynamicearthpressure increasesas theexcita-
ion frequency increases, but the increase is relatively slowerwhen
he excitation frequency is low. When the excitation frequency
eaches 16Hz, the dynamic earth pressure increases rapidly to a
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Fig. 6. Measurement of dynamic earth pressure of Cell 2-1.
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Fig. 9. Measurement of dynamic strain at point 5.
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eak value, which is the resonant frequency of the track-subgrade
odel.
Fig. 8 shows thedistributionofdynamicearthpressurealong the
ubgrade depth under different excitation frequencies. In general,
he dynamic earth pressure gradually decreases with increasing
epth. When the frequency reaches 16Hz, the dynamic earth pres-
ure increases with the subgrade depth due to the resonance of
rack-subgrade model. However, the dynamic earth pressure has
o obvious regularitywith the subgrade depthwhen the excitation
requency is greater than 16Hz.
To ﬁgure out the reason of model resonance, resonance fre-
uencywasmeasured. Itwas found that the resonance frequencyof
he soil tankwas close to 40Hz. Thus, the reason leading to the vari-
tionof dynamic earthpressure ismost likely to be the resonanceof
he subgrade. The ﬁrst resonant frequency of the track-subgrade is
6.6Hz, calculated by the simpliﬁed model (Li and Wu, 2008). Zhu
t al. (2007) conducted a dynamic sweep frequency test with the
hanging excitation frequency of 0Hz to 30Hz in ﬁeld, and found
hat the resonant frequency was 14.3Hz. Liu and Wang (2010)
ound that the resonant frequency of subgrade was 15–25Hz.
w
f
tig. 10. Relationship curves between amplitude of dynamic strain of slab and exci-
ation frequency.
The measurement of dynamic strain at point 5 on the slab sur-
ace is presented in Fig. 9. Fig. 10 shows the relationship curves
etween dynamic strain and excitation frequency of eight points
n the slab surface. It shows that the dynamic strain keeps steady
hen the excitation frequency is less than 6Hz. The amplitude of
ynamic strain presents linear increases with the excitation fre-
uency when the excitation frequency exceeds 6Hz. The dynamic
train increases to a peak value associated with the resonance of
he track-subgrade when the excitation frequency reaches 17Hz.
he increasing rate of dynamic strain slows down as the excitation
requency exceeds 23Hz. In addition, it can be observed that the
ynamic strain of the slab in vicinity of the excitation location is
reater, and similarity is found between dynamic strain at points 5
nd 6, and at points 7 and 8.
. Determination of dynamic load magniﬁcation factor for
rack-subgrade
In German Railway Standard, d is the symbol of DLF, which is
alculated by
= (1 + tı) (1)
here  is taken as 1.1–1.2; ı=0.15 for the high-speed railway; t=3
or superstructure and t=1 for subgrade;  has amajor inﬂuence on
he DLF, which is deﬁned as the ratio of dynamic earth pressure at
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sig. 11. Relationship between the dynamic load magniﬁcation factor of subgrade
nd train speed.
peciﬁed frequency to that at 0Hz.  can be empirically determined
s
=
{
1 (ve ≤ 60km/h)
0.00263 ve + 0.842 (60km/h < ve ≤ 300km/h)
(2)
here ve is the train speed. In this paper, we take  =1, ı=0.15, t=1
or subgrade and t=3 for slab.
The inﬂuence of train speed on the DLF can be determined with
he test results of dynamic earth pressure and dynamic strain of
lab. Transform of the excitation frequency to the train speed is
ecessarybeforedeterminationofDLF. Thewave lengthatdifferent
epths of the subgrade was different under the same moving load
Priest et al., 2010). Hu and Li (2010) used the following equation
o transform the excitation frequency to the train speed:
= ve
L
(3)
here f is the excitation frequency, and L is the wave length. When
he distance between the rail and the subgrade is less than 3m,
he wave length L ranges from the wheel base (2.5–3m) to a bogie
pacing (7m) for basllastless track. In general, the length of the
heel base (3m) is suitable for slab, and a bogie spacing (7m) is
uitable for subgrade (depth of 1.5m and 2.7m from rail).
It can be seen that the dynamic earth pressure increases drasti-
ally when the excitation frequency reaches 16Hz, the time when
he resonance of the track-subgrade occurs. However, it is rather
ifﬁcult to determine the DLF at the resonant frequency of the
rack-subgrade. Therefore, the maximum excitation frequency of
2Hz is considered, and the corresponding train speed is about
00km/h.
The relationship between the operation speed coefﬁcient  of
he subgrade and the excitation frequency can be obtained from
ig. 7. Furthermore, through Eq. (3) the relationship between the
peration speed coefﬁcient  of the subgrade and the train speed
an be obtained. At last, in Eq. (1), we set  = 1, ı = 0.15, t=1, the
elationship between theDLF of the subgrade and the train speed is
btained, as shown in Fig. 11. The result derivedbyGermanRailway
tandard is also given in Fig. 11 for comparison. It is found that the
LF is about 1.15, which is similar to that determined by German
ailway Standard when the train speed is smaller than 60km/h.
owever, the train speed that exceeds 60km/h leads to a clear dif-
erence regarding the development of DLF between the two meth-
ds. The DLF calculated by German Railway Standard increases
d
i
w
cig. 12. Relationship between the dynamic loadmagniﬁcation factor of the slab and
rain speed.
inearly as the train speed increases, and that determined by the
odel test increases slowly at the beginning, and then increases
apidly. Moreover, the DLF increases with subgrade depth, which
s failed to be considered by German Railway Standard.
When the train speed reaches 300km/h, theDLF of the subgrade
s 1.25 (calculated by the German Railway Standard), and it varies
rom 1.21 to 1.25 at different subgrade depths in the model test.
ompared to theDLF of 3.0 in Chinesehigh-speed railway standard,
he measured DLF is signiﬁcantly small.
It can be seen from the measurement of dynamic strain of slab
hat the resonance of the track-subgrade has a major inﬂuence on
ynamic strain of slab, thus the measured results under the excita-
ion frequencies of 16 and 17Hz are not considered in determining
he DLF of the slab.
The measured results of the dynamic strain of slab at points
–8 are used to establish the relationship between the operation
peed coefﬁcient  of the slab and the excitation frequency based
n Fig. 10. Inputting  = 1, ı = 0.15, t=3 and  into Eq. (1), the
elationship between the DLF of the slab and the train speed is
btainedandresults are shown inFig. 12. Theproposedﬁttingcurve
s determined as follows:
d =
{
1.45 (ve ≤ 60km/h)
1.23 × 10−5v2e − 1.46 × 10−3ve + 1.48 (ve > 60km/h)
(4)
It can be observed that the DLF of the slab increases following a
arabolic function as the train speed increases. Fig. 12 also shows
he results of German Railway Standard using Eq. (1) for compar-
son. It is found that the DLFs given by German Railway Standard
nd the model tests are almost identical when the train speed is
maller than 60km/h. When the train speed is 270km/h, the DLF
f the slab from the model tests is 2.0, which is larger than that
iven by German Railway Standard (1.7).
. Conclusions
A full-scale model test on ballastless track-subgrade of high-
peed railway was introduced. The dynamic strain of slab and the
ynamic earth pressure of subgrade were obtained by conduct-
ng single wheel axle excitation test. The DLF of track-subgrade
as proposed based on the test results. All in all, the following
onclusions can be drawn:
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1) The track-subgrade has a resonant frequency of 16Hz. When
theexcitation frequency is close to the resonant frequency, both
the dynamic earth pressure in the subgrade and the dynamic
strain of the slab increase signiﬁcantly.
2) The DLF of subgrade determined from the model test increases
with the train speed. When the train speed is lower than
60km/h, the DLF is almost the same. When the train speed
is larger than 60km/h, the DLF increases with the train speed
according to a parabolic function. Moreover, the DLF increases
with subgrade depth which is failed to be considered by Ger-
man Railway Standard.
3) Chinese high-speed railway standard (3.0 for the train speed
of 300km/h and 2.5 for the train speed of 250km/h) under-
estimates the DLF compared with Germany Railway Standard
and the results from the model tests. Moreover, Chinese high-
speed railway standard and Germany Railway Standard do not
consider the difference between the DLF of the slab and that
of the subgrade compared with the results from the model
tests.
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